Retrofitting existing buildings with energy-efficient facilities is an effective method to improve their energy efficiency, especially for old buildings. A multi-objective optimization model for building envelope retrofitting is presented. Envelope components including windows, external walls and roofs are considered to be retrofitted. Installation of a rooftop solar panel system is also taken into consideration in this study. Rooftop solar panels are modeled with their degradation and a maintenance scheme is studied for sustainability of energy and its long-term effect on the retrofitting plan. The purpose is to make the best use of financial investment to maximize energy savings and economic benefits. In particular, net present value, the payback period and energy savings are taken as the main performance indicators of the retrofitting plan. The multi-objective optimization problem is formulated as a non-linear integer programming problem and solved by a weighted sum method. Results of applying the designed retrofitting plan to a 50-year-old building consisting of 66 apartments demonstrated the effectiveness of the proposed model.
Introduction
The building sector bears a large responsibility for energy consumption as it accounts for about 32% of the total final energy consumption globally and some 40% of that in the European Union [1] . Although future buildings can be designed to reduce their energy consumption, existing buildings still make up the largest portion of buildings in service [2] . Therefore, making existing buildings more energy-efficient is an important and economically beneficial way to save energy. In particular, 50% of a general purpose building's total energy consumption is dissipated through its envelope [3] . Improving the energy efficiency of building envelopes is thus a priority method to improve energy efficiency and to reduce energy demand for the building sector. As the performance of building envelope components degrades on account of environmental conditions over time, retrofitting more efficient and/or new ones is an effective way of achieving efficiency improvement [2, 4, 5, 6] . In addition, necessary maintenance plays a key role in maintaining the energy performance of the retrofitted items in * Corresponding author. Email: ylfan.up@gmail.com.
the long run [6, 7, 8] . Both the maintenance cost and performance degradation of the retrofitted items affect the financial viability of a retrofitting plan [2, 6] . It is, therefore, essential to take into account these factors at the planning stage of the retrofitting.
Limited research has been done concerning the envelope retrofitting of buildings. Studies taking into account maintenance in the retrofitting plan are even scarcer. Reported literature on the building envelope mainly focused on improvement of envelope design and materials, and their applications. For instance, studies on the thermal performance of building envelopes were reported in [9] , [10] and [11] , etc. These studies focused mainly on investigating the effects of the thermal properties of the building envelope component on the building's energy consumption by means of either experimental or simulation methods. Similar studies investigating the influences of the thermal performance of wall materials applied in net-zero buildings were also published in recent years, such as [12, 13] . The modeling and constructional design of building envelopes were studied in [14, 15, 16, 17, 18] . These studies mainly tried to identify the best envelope design, making use of different structures to achieve better thermal insulation, taking advantage of energy modeling techniques. Research on the evaluation of different energy-saving materials and structures for use in building envelopes was also found in literature [19, 20, 21] . Lastly, some studies on the composition and structure of walls [22, 23, 24] and the owners' perception of the adoption of building envelope energy-efficient measures in Swedish [25] houses were studied.
While all of these studies add value to the energy efficiency improvement of building envelopes, there is a gap between technology development and its mar ket uptake. It is therefore crucial to investigate the impacts of newly developed technologies and their en ergy and financial implications when they are applied to real world buildings. This is the main motiva tion of this paper, namely to optimally design a fi nancially appealing retrofitting plan making use of energy-efficient technologies to improve the energy performance of existing buildings.
In this regard, a few papers reporting attempts to design an optimal retrofitting plan were found in the literature [26] [27] . While these papers have made good contributions to research into retrofitting building envelopes, it is observed that some important performance indicators of a retrofitting plan, as well as the performance degradation of retrofitted items, were not considered in those studies. The plans ob tained may be financially infeasible because of overestimation of savings potential of the retrofitting or be cause the financial indicators of the retrofitting plans are not accounted for in the optimization problem formulated.
To be specific, the thermal performance of facilities and materials degrade over time and so do energy savings achieved by the retrofitting. This overestimation usually results in hesitation on the part of the project investors.
In order to work out a retrofitting plan that can make full use of or attract investment from decision makers, it is important to estimate the energy saving and financial benefits accurately. This requires performance degradation of the retrofitted items to be taken into account by the retrofitting plan. In case there is a sustainability requirement of the retrofitting project, such as required by the clean development mechanism projects [28, 29] , the maintenance cost of the project must also be considered. In addition, the thermal performance of the building, such as thermal comfort, after retrofitting must be guaranteed for the benefit of the occupants. In view of the aforementioned facts, the primary goal of this study is to optimally determine a retrofitting plan taking into account energy savings, thermal performance and financial indicators such that the plan contributes to energy efficiency improvement of the building in a financially viable manner. In particular, performance degradation of the retrofitted facilities and the corre-1 sponding maintenance are taken into account in the retrofitting plan to obtain a more accurate estimation 1 of energy savings and financial benefits.
The main contribution of this paper is that a multi-objective optimization model for building en-1 elope retrofitting, which takes facility performance egradation and economic feasibility of the retrofitting nto account, is formulated from the perspective of deision makers. In existing studies, no economic analysis and optimization of the multi-objective retrofitting problem were done to help decision makers. Therefore, the model formulated in this study takes into account both energy savings and economic benefits of the retrofitting investment, which are critical indicators of an investment for decision makers. In particular, the net present value (NPV) and payback period are directly considered and optimized by the presented model to not only pursuit for an economically beneficial retrofitting plan, but also enable the decision maker to make an informed decision. In addition, the optimal selection and sizing of a rooftop solar panel power supply system are formulated as an integral part of the retrofitting planning model to reduce 1 usage of electricity produced from fossil fuels in view of the rich solar radiation in South Africa. Lastly, this model also considers the maintenance costs of the retrofitted items over the project period, which are usually ignored in the existing literature, to obtain an accurate estimation of the savings potential and consequently an accurate payback period estimation for the decision maker.
In this study, it is considered to replace windows with better alternatives and to install insulation materials for external walls and the roof. A rooftop solar panel power supply system is to be installed during building envelope retrofitting. The new windows, wall and roof insulation materials are used to reduce 1 heat transfer and the solar panel power supply system 1 is intended to reduce power demand from the grid and 1 protect the building from unpredictable power outages, consequently, contribute to better life quality for the occupants [30] and reduced CO 2 emission [31] .
Although other technologies, such as district heating/cooling, can be also included in the model presented, they are not directly considered in this study because of their availability in South Africa's local environment. In particular, South Africa is a country with rich solar energy resource, which makes PV installation favorable, and no infrastructure of district heating/cooling system. Solar water heating system was not considered because electric geysers are the majority of water heaters used in existing buildings in South Africa. Therefore, using PV instead of solar water heating system is preferable as it is able to make use of these existing heaters. The model chooses the best candidate item from each group of available alternatives for the building envelope retrofitting and determines the optimal size of the solar panel system to be installed. The primary goal of the optimization model is to answer the question: which alternatives are to be used for retrofitting and what size should the solar panel power supply system be to ensure that the retrofitting plan is optimal in terms of both energy savings and financial benefits?
To account for the sustainability requirement of certain projects, the performance degradation and corresponding maintenance of the solar panel system installed are built into the retrofitting plan model. At this stage, a scheduled full maintenance plan at fixed intervals is considered according to the general methodology described in [32] and [6] . It is planned to include maintenance of other components, such as the insulation materials, and the design of an optimal maintenance plan in a future study.
The remainder of this paper includes four parts. Modeling of the solar power system and energy consumption of the building are presented in Section 2. Formulation of the retrofitting plan into an optimization problem is elaborated on in Section 3. After that, a case study with results analysis is provided in Section 4. A conclusion is drawn in Section 5.
Problem modeling
Energy producing and consuming processes that are relevant to the optimal retrofitting plan of building envelopes are modeled. The solar panel power supply system is modeled first in order to determine its energy contribution to the building. In addition, the failure of the solar panels, which results in the performance degradation of the power supply system must be characterized in order to obtain an accurate estimation of energy generation of the system through the project's lifespan. The corresponding maintenance plan for the solar system is also presented here to facilitate the design of a complete retrofitting plan.
For the practical application studied, it was found that the available rooftop area of the building limits the installation of solar panels. In particular, it was found that the maximum power produced by solar panels would be less than the minimum demand of the building even if the best solar panels were installed over the complete rooftop area of the building. Therefore, it is not necessary to consider an energy storage system for the particular solar power system. The corresponding maintenance cost of the storage system is thus not considered in the problem formulation.
Degradation models of solar panels
Although the solar panel power system is often described as very reliable system with about 25 years' output power warranty, its performance still degrades inevitably over time as the total effective power output of the solar panel power supply system is affected by the number of surviving solar panels at a certain time [33] . This degradation results in more energy cost for the building owing to an increase in power purchase from the grid, which inversely affects the sustainability of the retrofitting project. Therefore, the population degradation of solar panels in the power supply system is important and is considered in this study. According to existing research [34] , the population degradation model of solar panels can be described by the Weibull distribution, which is the most popular method used to analyze reliability and life distribution. The general form of population degradation of solar panels can be estimated by the following equation [34] :
where R(t) represents the survival rate of solar panels at time t, ϕ is a scale parameter. Hence, with a given L, the lifespan of solar panels, the value of the coefficient ϕ can be obtained by solving the following equation [2, 6] :
Some other factors that affect the overall output of the solar panel power supply system, such as dust on the glass, etc., are not considered in this study, as they are much easier to deal with. Making use of equation (1), the number of solar panels installed at the beginning of the retrofitting project that still works properly at the end of the t-th year can be obtained by the following equation:
in which N 0 pv is the number of solar panels installed at the beginning of retrofitting.
In view of solar panel breakages, a full maintenance plan at fixed time intervals is adopted for the installed solar panels. This is described as follows:
where k is a positive integer, M (t) is the number of panels installed during maintenance and T s is the maintenance interval, which means that maintenance activity happens every T s years. During the maintenance process, the failed solar panels are all replaced together, thus the population size will be restored to N 0 pv after maintenance. Therefore, N pv (t + 1), the number of solar panels that work properly at the beginning of year t + 1, is determined by:
Energy produced by solar panels
The energy produced by solar panels chosen by the retrofitting plan must be determined. Knowing the population degradation together with the maintenance strategy detailed in Section 2.1, the energy produced by the installed solar panel power supply system in the t-th year, Q pv (t) (kWh/year), can be calculated by the following equation [35, 36, 37, 38] :
where ζ l is the efficiency of the l-th type solar panel, A pv l is the area of one solar panel of type l (m 2 ) I pv is solar irradiation (kWh/m 2 year), ζ p is the average solar to electrical power conversion efficiency taking into account losses due to temperature, etc. x pv l denotes whether the l-th type of the solar panels is chosen for the retrofitting, i.e., when x pv l = 1, it is chosen to be installed during the retrofitting, while it is not chosen when x pv l = 0.
Energy consumption of space heating
After the solar panel power supply system has been modeled, the main energy consumers in a building must be modeled to determine the energy balance of the building. In a general building, the energy consumption for space heating Q heat (kWh/year) is calculated by the following equation [39] [40] :
in which
In equations (7)- (13), Q ext is heat loss through zones in contact with the outdoor environment, including walls, glazing, roofs and pavements (kWh/year). Q enu is heat loss through zones in contact with non-useful spaces, including walls, glazing, roofs and pavements (kWh/year). Q pt is heat loss through linear thermal bridges (kWh/year). Q v is heat loss through fresh air flow (kWh/year). Q gu is useful heat gains (kWh/year). DD is degree-days ( , are defined for wall insulation materials and 0 roof insulation materials. They denote whether the j-th alternative of the external wall insulation materials and the k-th alternative of the roof insulation materials are chosen for retrofitting. µ is the heat gains utilization factor. M is the heating season duration (months). q i is internal gains (W/m 2 ). G south is the average solar energy that reaches a south-oriented vertical surface (kWh/m 2 ). δ i is effective solar energy transmittance of the i-th type window. Z i is the orientation coefficient for different facades. A e is the effective glazing solar radiation collector area for the windows with different orientations (m 2 ). A win , A wall and A roof are the surface areas of windows, exterior walls and the roof, respectively (m 2 ). U i is the thermal transmission of the i-th type of windows (W/m 2• C). U w and U r are the thermal transmittance of walls and roof before retrofitting, respectively (W/m 2• C). d j and d k are the thickness of the jth type of external wall insulation materials and k-th type of roof insulation materials, respectively (m). λ j and λ k are the thermal conductivity of the j-th type of external wall insulation materials and k-th type of roof insulation materials, respectively (W/m • C).
Energy consumption of space cooling
The energy consumption for space cooling in a building Q cool (kWh/year) is calculated by the following equation [39] :
In equations (14)- (15), Q e , Q t and Q i are, respectively, heat gain through the envelope, heat transfer due to infiltration and internal heat gains (kWh/year). θ m is the average outdoor temperature in the cooling season ( • C). α is the exterior envelope solar radiation absorption coefficient. I r the is average solar radiation intensity (W/m 2 ).
Energy consumption of water heating
The energy consumption for water heating in a building Q water (kWh/year) is calculated by the following equation [39] :
where M a is the average daily water consumption (kWh), n d is the number of days when domestic water heating occurs, σ is the domestic water heating system efficiency.
Optimization
The plan of retrofitting considering maintenance determines the set of items to be retrofitted. As stated earlier, windows, external wall insulation materials and roof insulation materials are considered for retrofitting and a rooftop solar panel power supply system is considered to be installed in this study. The corresponding optimization problem is described in the following sections.
Decision variables
Assume that there are I, J, K, L alternatives of the four items for the retrofitting. Let X win = (x win 1 , ..., x win I ),
The decision variable of the retrofitting planning problem is then given by:
Objectives
This study aims at maximizing energy savings and promoting implementation of the formulated plan by means of looking at the financial indicators of the plan. Therefore, the retrofitting plan is formulated into an optimisation problem maximizing energy savings and NPV and minimizing the payback period of the investment. Thus a multi-objective optimization problem is formulated. Usually, the solution of multiobjective optimisation problems constitutes a Pareto front which represents a set of solutions. Finding the complete Pareto front is computationally intense and even impossible in some cases. Even if the complete Pareto front could be found, the decision maker would then be required to pick a solution from the Pareto front . In other words, the final solution of the problem requires human intelligence. In this study, we make use of a weighted sum method [41] , which is popularly used to convert a multi-objective optimisation problem into a single objective optimisation problem. While this method cannot guarantee to find the complete Pareto front, it is a useful tool that can find a solution to the original multi-objective problem with specified weighting factors, which are usually selected carefully according to the trade-offs made among the objectives. The weighted sum method gives decision managers a way to interface with the optimisation and achieve the desired performance of the retrofitting plan by tuning the weighting factors. Using the weighted sum method, the multi-objective problem is converted into a single objective optimisation problem with the following objective function:
where w 1 , w 2 and w 3 are positive weights, ES tot is the total energy savings after the retrofitting considering facility performance degradation over time and maintenance actions during the period [0, T ] (kWh), T p is the payback period (months). In equation (17), ES tot , N P V and T p are the maximum values of the ES tot , N P V and T p , respectively, used to standardize the objective function for the convenience of tuning the weighting factors. Calculations of ES tot , N P V and T p are detailed in the following subsections.
Energy savings
The total energy savings after implementing the retrofitting plan considering maintenance during a time period [0, T ] is calculated by the following equation:
where ES pre and ES post are the total energy consumption before and after retrofitting, respectively (kWh), ES(t) is the energy savings in the t-th year (kWh).
Net present value
NPV is the difference between the present values of cash inflows and cash outflows over a period of time. The NPV method is usually used in capital budgeting to analyze the profitability of a projected investment or project. In this study, the NPV method is used to evaluate the overall value of the retrofitting plan considering maintenance. It can be determined with the discount rate d by the following equation:
where ES(t) =∆Q heat + ∆Q cool + ∆Q water + Q pv (t), (20)
In equations (19)- (22), p(t) is the electricity price at time t ($/kWh), C m (t) is the maintenance cost for the solar panel power supply system in the t-th year ($), C r is the cost of building envelope retrofitting ($), d is the discount rate, ∆Q heat , ∆Q cool and ∆Q water are the difference of the energy consumption before and after the retrofitting for space heating, space cooling and water heating, respectively, in the t-th year (kWh), C and A pv l are the unit cost ($) and area (m 2 ) of the l-th type of solar panels, respectively. From equation (19) and (21) , it can be observed that this formulation explicitly builds the maintenance cost of the project into the optimization problem, which yields more accurate estimation of the project cost and performance 332 during the evaluation period. 
Payback period
The discounted payback period is an important indicator of how quickly an investment repays its capital cost considering the time value of money. This is usually an indicator decision makers look at when comparing different investment options. It is defined as the time point after which NPV turns and stays non-negative and can be obtained by the following equation:
where N is the last month with a negative cumulative cash flow, C fa is the absolute value of the cumulative cash flow at the end of the N -th month ($), C f b is the total cash flow during the (N + 1)-th month ($). 
Constraints
Economic and physical constraints of the problem are given in the following equations:
where C tot is the total cost of the building envelope retrofitting considering maintenance during a time period [0, T ],
and β is the budget allocated for the project.
Inequalities (24) and (25) mean that the total cost of the building envelope retrofitting considering maintenance should be less than the total investment and the area of the solar panel power supply system that is installed should be less than the effective and usable area of the roof A ef f , respectively. Equations in (26) ensure that only one alternative for each retrofitting category is chosen by the plan.
Case study

Parameters
The existing building used for the case study is a South African residential building facing southeast It was constructed 50 years ago and consists of 66 apartments. The plan of each apartment is identical, with two bedrooms, one living space, a small kitchen and a bathroom, as shown in Fig. 1 . Each apartment has a gross area of 70 m 2 and a glazing area of 13.3 m 2 , of which 10.6 m 2 faces north and 2.7 m 2 faces south. Standard single glazing windows with wood frames were used. No thermal insulation for walls and roof was installed. The retrofitting plan considered for this building is evaluated for the duration of T = 24 years, considering the performance deterioration of materials. Economic parameters are considered in the study, given such a long project duration. To this effect, the rate of increase in the electricity price is considered to be constant during the evaluation period; this is 8%, according to Eskom (the largest utility in South Africa). The discount rate involved in the calculation of NPV is assumed to be 9%, which is recommended for South Africa [42] . The set temperatures for the HVAC systems of the apartments in heating seasons and cooling seasons are 20 • C and 25 • C, respectively. Other parameters, such as solar radiation intensity for different orientation, heating season duration, degree-days, etc., are taken from the South African National Standards [43] .
The plan considered five alternatives of windows, thirteen alternatives of external wall insulation materials, ten alternatives of roof insulation materials and seven alternatives of solar panels to choose from for the retrofitting. Details of these alternatives are listed in Tables 1-4 , where EPS stands for expanded polystyrene and SPF stands for sprayed polyurethane foam. Table 3 : Information on roof insulation materials In this study, the full maintenance policy is applied every T s = 6 years because about 20% of the solar panels installed will fail in six years after the retrofitting, according to the degradation model of solar panels in Section 2. That is to say, the maintenance for the solar panel power supply system happens every six years. During each maintenance ac- 
Results analysis
The multi-objective optimization problem formulated is essentially a mixed-integer programming problem. Conventional mathematical methods cannot be applied to solve this problem. Therefore, a genetic algorithm (GA) is employed in this study [44, 45] . In the GA, the initial population size is set at 2000, the crossover probability is set at 0.8 and the algorithm is set to terminate if the change of fitness of the best candidate is less than 1 × 10 −10 .
Firstly, Fig. 2 is given to demonstrate that the GA algorithm will converge to a solution within acceptable numbers of generations. In this figure, both the fitness of the best individual in a generation and the average fitness of all individuals in a generation are plotted with respect to the number of generations. It is noted that the objective function is normalized with respect to its nominal value. It can be seen that they both decrease and the fitness of the best individual converges to a fixed value. Although GA cannot guarantee the global optimality of the solution found, this convergence is still important to show that the solution found by the GA is at least a local optimum. Essentially, because of the nature of the formulated problem, i.e. mixed-integer nonlinear programming problem, no mathematical method and artificial intelligence method can guarantee convergence to the global optimum.
The impact of different budgets on the solution is investigated secondly. Setting the weighting factors Table 5 : w1 = 0.7, w2 = 0.2 and w3 = 0.1 to w 1 = 0.7, w 2 = 0.2 and w 3 = 0.1, the optimal solutions and the corresponding effects of the optimal retrofitting plans with different budgets are obtained and presented in Table 5 . In Table 5 , the number of solar panels is the number of solar panels to be installed at the beginning, which is optimally determined by the retrofitting plan. The columns Win, Wall, Roof and Solar reflect the choices of retrofitting plan among the different window, wall, roof and solar panel alternatives. For example, 1, 5, 3, 5 means that the combination of the first alternative of windows, the fifth alternative of external wall insulation materials, the third alternative of roof insulation materials and the fifth alternative of solar panels is the optimal option to retrofit the existing building. Energy savings, the NPV and payback period are also presented in the table, as these are the primary performance indicators of the retrofitting plan. In addition, the percentage energy savings with respect to the energy usage of the building before retrofitting is also shown in the table for easy comparison. l f It can be seen from the table that the optima retrofitting solution depends on the investment. It is observed that the optimal retrofitting plan is not simply to choose the cheapest options. With growing investments, the energy savings and payback period keep increasing while the NPV and the number o installed solar panels fluctuate.
It is interesting to note that the optimal number of solar panels to be installed decreased from 11 to 4 when the investment grew from $100000 to $120000. To explain this 'abnormality', one can find out that if the optimal choices of the alternatives in the budget of $100000 (the first kind of window, the sixth kind of wall insulation material, the sixth kind of roof insulation material and the second kind of solar panel) were still used, the extra $20000 budget would allow installation of 41, instead of 4, solar panels. This solution, however, results in a total energy saving o 7245317 kWh, which is less than 7259845 kWh, which was obtained by the optimal solution with the budget of $120000. Since the weighting factors, w 1 , w 2 and w 3 , are tuned such that the optimization favors solutions with more energy savings, simply increasing the number of solar panels while keeping the choices of the different alternatives is an inferior solution. This demonstrates the ability of the model to search for a better solution with different budgets. Moreover, this shows that intuitive plans will not lead to the optimal utilization of the investment. The model presented is of great help to decision makers to develop an optimal retrofitting plan, considering different amounts of investments.
A similar phenomenon is observed when the budget is increased from $180000 to $200000 in Table 5 . This also indicates that when the budget is not enough for the retrofitting to select the best options of the envelope components/materials, it will prefer to improve the energy performance of the envelope over installing solar panels on the building. This is in line with the fact that roughly 50% of energy consumption of a building is dissipated by its envelope; improving energy efficiency of the envelope is, therefore, the first priority when investigating energy-efficient retrofitting of buildings.
The effectiveness of tuning of the weighting factors is studied thirdly. The optimal results with the same set of budgets used in Table 5 , but different weighting factors are presented in Table 6 . The new set of weighting factors prioritizes the payback period minimization instead of maximizing energy savings from the retrofitting by imposing a larger w 3 = 0.7 and a smaller w 1 = 0.1 compared to the weighting factors used previously.
Comparing Table 5 and Table 6 , one can easily found out that the payback periods shown in Table 6 are shorter than the corresponding values in Table 5 , verifying the effectiveness of tuning the weighting factors. Another interesting finding is observed when the investment grows from $160000 to $180000. The Table 6 : w1 = 0.1, w2 = 0.2 and w3 = 0.7 envelope retrofitting combination is changed and the number of solar panels is reduced. Indeed, one can verify that if the same envelope retrofitting combination is used and the increased investment is solely used to increase the number of solar panels installed, one would get a retrofitting plan that has a payback period of 50 months, which is two months longer than that of the optimal plan. Combining this finding with the observation discussed when the weighting factors were tuned to prioritize energy savings, one can conclude that improving the energy efficiency of the building's envelope should be the first priority when considering an energyefficient retrofitting plan of buildings if there is sufficient budget available. By choosing the optimal retrofitting options of the envelope components, one can get good energy savings together with a relatively short payback period of the investment. However, if the budget is limited, the model presented in this study will be of valuable help in determining the most favorable retrofit plan with given preferences on the performance indicators of the plan.
It is noted that, for the studied case, the max imum peak power output of the solar panel powe supply system installed by the retrofitting is 16.8 kW which is less than the measured minimum demand of the building, 57 kW. This validates the assumption that no energy storage system is required for the solar power system, made at the beginning of Section 2.
Lastly, a sensitivity analysis is performed to investigate the effects of parameter inaccuracies. In particular, the 9% discount rate recommended in [42] could vary. Therefore, a 10% change in this recommended discounted rate is introduced, resulting in a discount rate of 8.1%. This new discount rate is then applied and simulation with a budget of $80000 is performed. The resulting changes in the performance indicators, namely energy savings, NPV and payback period, are shown in Fig. 3 . To be specific, the so lution to the problem didn't change, which leads to 0% change in energy savings. However, the NPV and payback period are affected by this decrease in the discount rate. As expected, the NPV increased by 11.9% (from $732773 to $820093) and the payback period decreased by 3.7% (from 27 to 26 months). It can be concluded that the energy savings achieved by the model are robust against the inaccuracies of the discount rate, while economic indicators are sensitive to discount rate changes. Overall, the results obtained in the case study verify the effectiveness of the proposed model in improving the energy efficiency of existing buildings, making the best use of investment by means of optimally determining a retrofitting plan for the building. In addition, the results obtained give explicit indicators that are of interest to potential investors and decision makers, such as NPV and payback period, taking into account the discounting factors and electricity price increase, which can be used by the decision makers to reach a more informed decision. More importantly, the results obtained can be helpful to clear hesitation of decision makers and attract more investment for similar building envelope retrofitting projects. Lastly, decision makers are provided with the option to adapt the weighting factors of the model presented in this study in order to obtain a desired retrofitting plan with their preferences over different performance indicators. For a given building retrofitting project, the presented model can be applied after an energy audit of the existing building to identify suitable retrofitting options that can be introduced to reduce the building's energy consumption. These parameters, including thermal properties, costs, etc. of the existing technologies and those of the identified options, can then be passed into the model developed to find an optimal retrofitting plan with given preferences on the energy and economic benefits specified by the weighting factors.
Conclusion
A multi-objective optimization model for a building envelope retrofitting plan is studied. The aim of this study is to improve the energy efficiency of existing buildings with a given budget to maximize the occupants' and investors' benefits. In the modeling process, the performance degradation and corresponding maintenance of a rooftop solar panel system are considered in order to improve the accuracy of estimated energy savings and economic benefits. Results of the optimization model can be used by decision makers to identify investment opportunities in building envelope retrofitting projects, as economic indicators, including NPV and payback period, are included in the results explicitly. The model also provides a con venient way for the decision makers to interact with the optimization by means of tuneable weighting fac tors to emphasize certain performance indicators. A case study carried out shows that, in a 24-year period the optimal retrofitting plan obtained for the building studied would yield promising energy savings with acceptable economic benefits for the investor. It is also concluded that retrofitting the envelope components should be given first priority when investigating energy efficiency improvement of existing buildings if sufficient budget is available. Future improvement of this study could include performance degradation of wall and roof insulation materials.
